Subjects

94
Thirty subjects with TBI and 60 controls were included in the study. The sample size 95 was estimated as 30 subjects diagnosed with TBI and 60 age-matched controls 96 considering a 1:2 ratio between the cases and the controls. Subjects with TBI were 97 referred from the Neuro-ophthalmology department if they complained about any one 98 of the symptoms of reading difficulty, headache, eye strain, dizziness. Age-matched 99 subjects who volunteered to participate in the study were chosen as controls. Inclusion 100 and exclusion criteria for the cases and the controls are presented in Table 1 . A duly 101 signed, written informed consent was obtained from all the study participants. All the 102 subjects received a comprehensive eye examination which included history taking, 103 refraction, pupillary evaluation, extraocular motility, anterior and posterior segment 104 examination. This was followed by a detailed neuro-optometric evaluation. 105 the hospital or from the records of discharge summary and in some cases, the GCS 129 scale was used to probe the events that occurred during the injury. for analysis by the ReadAlyzer software.
9-11 Subject wore the eye movement goggles 137 and the near interpupillary distance was adjusted. The test paragraphs were placed 40 138 centimetres from the corneal plane or habitual correction centred along the subject's 139
midline. 140
Reading test: Eye movements were recorded while the subject read a short English 141 paragraph silently. The highest-grade level paragraph (Grade 10 -for adults) was used 142 for measurement. There were five different passages in Grade 10. The subject read 143 one practice paragraph following which two trials were made with different passages. 144
The second trial was taken as the final reading to assure a stable baseline 
RESULTS
173
Ninety subjects (30 cases and 60 controls) were included for statistical analysis. The 174 mean age ± SD of the TBI and controls was 28.7 ± 8.5 years (18.4 -58.9) and 28.4 ± 175 7.7 years (20.4 -57.0) respectively. The difference in age was not statistically 176 significant between the two groups (Chi-square test, p=0.052). There were 18 mild TBI 177 (mTBI) and 12 moderate-severe (MS-TBI) (4 moderate and 8 severe) cases of TBI. 178
Aetiologies of TBI
179
In the present study, road traffic accidents (RTA) (n=24, 80%) was the most common 180 cause of TBI followed by hit (n=4, 13%) and fall from height (n=2, 7%). All RTA's were 181 caused merely due to two-wheelers. Four subjects who had a history of an object 182 striking their head which was defined as hit and two subjects had TBI due to falling 183 from a height. The median (IQR) post-injury periods of mild, moderate and severe TBI 184 were 2 (0.6-5), 1.2 (0.5-5.9), 2.5 (0.7-3.7) years respectively. 185
Symptoms of TBI subjects
186
TBI subjects in the current study self-reported their symptoms which persisted past 6 187 months from the onset of TBI (Figure 2 ). In the total TBI sample, reading difficulty (87%) 188 was the most frequent visual issue followed by eye strain (47%), headache (40%), 189 vertigo/dizziness (10%) and double vision (10%). A majority of mTBI subjects reported 190 symptoms of reading difficulty, eyestrain and dizziness, and, MS-TBI subjects had 191 issues such as a headache primarily followed by reading difficulty and eye strain ( Table  192 2). To understand the reading eye movements based on the severity of TBI, a comparison 215 between three groups (controls, mTBI and MS-TBI) was conducted which showed a 216 significant difference between the three groups (p<0.01) ( Table 4) . Post hoc analysis 217 revealed a significant difference between controls and mTBI (p<0.01), controls and MS-218 TBI (p<0.01) and no statistically significant difference was noted between mTBI and 219 
MS-TBI (p=0.43). 220
Correlation between number of fixations per line and reading rate in TBI 231
The relationship between the number of fixations/100 words and reading rate in TBI 232 subjects showed a significantly strong negative correlation 
DISCUSSION
238
In our study, reading eye movement parameters in subjects with TBI were evaluated 239 and compared with age-matched controls. The current research is the first to study and 240 report eye movement parameters during reading in TBI in India. 241
It is important to address the physical and visual issues following TBI as it can result in 242 morbidity, mortality, disability and socioeconomic losses in many developing 243 countries. 13 In India, an assessment of injury pattern of RTAs that had collisions 244 tangled with head injuries was caused frequently by two-wheelers (62%) and less likely 245 by four-wheelers (12%); 14 whereas, in western countries, most of the accidents were 246 found due to four-wheelers (79%). In the present study, twenty-four subjects (80%) 247
reported RTA due to two-wheelers and were diagnosed to have TBI. This scenario isdue to the unprecedented motorization and unacceptance of safety policies among the 249 two-wheeler drivers. 14, 15 their regular reading habits due to troubling eye-related symptoms. Therefore, we 254 studied reading eye movement parameters in subjects with TBI and the results from 255 our study showed that eye movements are affected. This, in turn, affected the 256 naturalistic reading ability of a compromised individual compared to a normal. 257
The evaluation of clinically-based reading eye movements has provided insight into the 258 functional integrity of the brain. ReadAlyzer™ was used to evaluate the reading eye 259 movements. It has been a valid, clinical tool that provided consistent, objective and 260 automated results on reading eye movement parameters. The advantage of this 261 instrument is that the infrared cameras have allowed real-time observation of eye 262 movements during recording. Dynamics of saccades such as saccadic latency and 263 accuracy are also known to be affected by ageing.
18 Therefore, study sample 264 recruitment was done by ensuring that controls were age-matched to a TBI subject. We 265 also correlated reading eye movement parameters with age, but results did not reveal 266 any significant correlation with age. 267
For a subject with normal visual function, based on their grade level, the expected 268 reading rate is 250-280 words per minute with 90 fixations per 100 words and 15 269 regressions per 100 words according to Taylor's normative data for the adult American 270 population.
2 In the present study, controls also had a lesser reading rate: 214 (199-244) 271 words per minute compared to an established Taylor's normative data. These 272 differences suggested that reading an English text is based on the familiarity with 273 language and vocabulary.
2 As English is a second language in India, the fluency and 274 speed of reading are variable when compared to native English speakers. Hence, 275 reading eye movement parameters of TBI subjects were assessed by comparing with 276 age-matched controls due to the lack of evident age-based normal reading rate for our 277 population. All the subjects (TBI and controls) in the present study were ensured that 278 they held a basic degree with fluency in English. Individuals with TBI in the present 279 study demonstrated significantly reduced reading rate, increased number of fixations, 280
and a higher number of regressions. The results suggested that subjects with TBI hadgain in the saccadic amplitude of the primary saccade resulted in a hypometric 284 saccade. Therefore, a corrective subsequent saccade was made to achieve the 285 anticipated saccadic amplitude. 1, 19 These corrective saccades resulted in an increased 286 number of fixations and regressions with poor reading eye movements. Subjects with 287 TBI also had reduced comprehension which revealed a problem with inference and 288 short-term memory in answering the questions along with basic demands of 289 oculomotor coordination compared to controls.
11 With all these parameters being 290 reduced, the grade level equivalent was also lesser in subjects with TBI, as they read 5 291 grade levels lesser than controls. This finding of an increased number of inaccurate 292 reading eye movements is consistent with a study reported by Thiagarajan, et al. on 293 mTBI population which were measured using Visagraph (2014). 1 It was reported that 294 during reading, an individual with TBI exhibits hypometric saccades (<1 degree in 295 amplitude), 1, 20 increased saccadic latencies (>200 msec), increased number of 296 fixations (>90 per 100 words), regressions (>12 per 100 words) and reduced reading 297 rate (<250 words per minute). 1 
298
The information on clinically-based reading eye movements when translated into the 299 natural reading process helped us to interpret reading dysfunction. Comparison of 300 reading eye movement parameters between mild TBI (mTBI) vs. moderate and severe 301 TBI (MS-TBI) with controls highlights that the oculomotor system is compromised both 302 in mTBI and MS-TBI. Mild TBI and MS-TBI did not show any statistically significant 303 difference even though the outcome measures were relatively affected in MS-TBI. 304
Alternatively, the extent of reading dysfunction in TBI might not be truly dependent on 305 injury severity. There lies a possibility that visual functions are vulnerable to damage 306 regardless of the severity of the injury. Similarly, the symptoms of reading difficulty 307 were more profound in mTBI compared to MS-TBI inferencing that mTBI is also 308 affected like MS-TBI. It has been described that the susceptibility of extensive neural 309 networks affected the multiple brain regions associated with control, execution, 310 initiation and generation of saccades leading to reading dysfunction. 1, 3 
311
CONCLUSION
312
This study adds evidence to the impaired reading eye movement performance in TBI 313 invariable to the severity. ReadAlyzer, being a simple instrument has helped us to 314 understand the quantitative reading parameters in TBI. It has been highlighted in theimpairment increased with the severity of the injury as an important clinical finding. 317
These clinically-based reading eye movements were addressed previously in mTBI, but 318 not in MS-TBI using ReadAlyzer. Oculomotor testing is thus sensitive to detect subtle 319 defects in all grades of TBI. 320
Having understood about the visual sequelae in TBI, it is also important to rehabilitate 321 these subjects with oculomotor vision therapy. Studies have shown that oculomotor 322 rehabilitation can significantly improve overall reading and result in behavioural 323 changes with a progressive effect on the QoL. 1, [20] [21] [22] This improvement has also been 324 observed in a case of mTBI with convergence insufficiency and reading dysfunction 325 that we reported.
23 Neuro-optometric vision therapy facilitated the subject to 326 recuperate from the compromised state and perform better in his daily living activities. 327
The limitations of the study include inadequate sample size in moderate and severe 328 TBI groups. Visual symptoms were not quantified using a validated questionnaire used 329 for TBI. Subjects with English language proficiency were only used as the reading 330 passages were in English. Test paragraph with different regional languages that match 331 the corresponding grade level equivalent may serve for non-English proficiency 332
subjects. 333
An extensive future research in the objective assessment of eye movements in TBI 334 may help neuro-optometrists to understand the occurrence of deficits in reading eye 335 movements. This may also help the clinicians to evaluate the reading deficits in the 336 regular neuro-optometric work up and also to monitor recovery/improvement with 337 intensive neuro-optometric intervention. 338
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